ABSTRACT: Droughts are one of the most devastating natural hazards, often causing severe economic and environmental damage. Across Eastern Australia climate is highly variable and frequent floods and droughts affect large areas over prolonged periods of time. Understanding the variations and trends in these weather extremes is critical for ecologists to assess the adequacy of management plans for anthropogenically affected landscapes such as agricultural or post-mining land, where water often plays a critical role for ecosystem persistence. In this study we use a new approach developed as a management and/or risk assessment tool for degraded land rehabilitation to quantify periods of water deficit using the severity-duration-frequency (SDF) of rainfall, known as design droughts. This approach is based on the intensity-duration-frequency (IDF) design rainfall concept used by engineers for designing hydrological infrastructure. This study focuses on analysing drought events of four selected locations (Cairns, Melbourne, Wagga Wagga, Quilpie) across Eastern Australia using the Reconnaissance Drought Index (RDI). We used monthly total rainfall and evaporation data of the past 40 years to identify drought events. We categorised the drought events according to their severity and duration and analysed separately the historic time series as two parts of 20 years (1972-1992 and 1993-2013). We calculated the recurrence intervals of droughts to assess trends in the occurrence of drought events. Results show that the recurrence intervals of Melbourne and Quilpie barely changed over time, while the drought recurrence intervals decreased in Wagga Wagga and Cairns. These findings have critical implications for any rehabilitation and management plans for post-mining and agricultural land.
INTRODUCTION
Human alteration from mining, urbanisation and industrial development can degrade lands, significantly impacting the natural environment [1] . Re-establishment of these lands has become a priority in this century. In recent years ecologists have focused more on global climate change [2] in average conditions such as mean temperature and rainfall. However, weather events such as intense storms, changes in El Niño and La Niña cycles, coastal flooding, extreme temperatures and droughts [4, 5] have intensified in the last decades and are the barriers for successful rehabilitation practices [5] .
Droughts are one of the most harmful climatic events and often have significant impacts on environment and socio-economic assets all over the world, including Australia [2] . In proportion to its area, Australia has a very low percentage of runoff to rainfall. This, together with moisture deficits that occur for decades, makes Australia a very dry place [3] . Eastern Australia, in particular, has highly variable and frequent droughts that affect large areas over prolonged periods of time.
Eastern Australia comprises a broad range of agro-climatic environments which support globally significant biodiversity and holds vast mineral and energy resources [4] . These environments include a number of abandoned and ongoing mines. There are over 34,000 recorded abandoned mines in the eastern states of Australia (New South Wales, Queensland, and Victoria) that potentially need restoration owing to the legislative requirement for maintaining a sustainable mining industry in Australia [5] . The quantification of severity, duration, and frequency of drought events is crucial for planning for successful regeneration of these post-mined lands.
Drought analyses vary according to their purpose. Meteorological droughts are the most frequently studied type of drought, and standardized drought indices, such as the Reconnaissance Drought Index (RDI), provide the foundation for quantifying the duration, severity, and eventually the frequency or recurrence of meteorological drought events [6] . Drought severity, duration and frequency of occurrence are some of the key drivers of ecosystem rehabilitation because water availability is the primary abiotic factor for ecosystem rehabilitation in semi-arid climates [4] .
In this study we use a new approach, known as design droughts [4] . This approach has been proposed as a management and/or risk assessment tool for post-mining ecosystem rehabilitation. , Vol. 8, No. 1 (Sl. No. 15), pp. 1138 -1142 Design droughts quantify periods of water deficit using the severity-duration-frequency (SDF) of rainfall, similar to the intensity-duration-frequency (IDF) analysis of rainfall events, commonly used as a standard tool by engineers to design infrastructure such as storm water drains, flood mitigation levees, or retarding dams. The objective of this study was to quantify the design droughts at four selected locations in Eastern Australia based on the RDI. Two historic time series of rainfall and evaporation data for the past 40 years (1972-1992 and 1993-2013) were used to estimate the recurrence intervals of droughts for each of these sites in order to investigate climatic trends. We conclude by discussing the potential use of the method outlined in this paper as a management and risk assessment tool for rehabilitation of disturbed landscapes.
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METHODOLOGY
We selected four sites across Eastern Australia (Cairns, Melbourne, Wagga Wagga, Quilpie) ( Figure 1 ) across different agro-climatic classes [7] and agricultural environments [8] (Table 1) . For these sites rainfall and potential evaporation (PET) data was most comprehensive, i.e. longest (40 years) and most complete [9] . For a detailed description of the methodology described in this paper refer to [4] . We estimated drought severity and duration using RDI at a 3-monthly time scale [12] based on monthly rainfall and PET. The standardized RDIst is given as:
where � is the standard deviation, yk is the month k during the year, � is arithmetic mean of yk, and � is the standard deviation of k, Pj and PETj are precipitation and potential evapotranspiration for the j th month of the hydrological year [6] . We categorized the drought events according to their severity and duration and split the historic time series into two parts of 20 years (1972-1992 and 1993-2013) . Drought severity refers to the extent to which precipitation is below a threshold, whereas the drought duration is the period of rainfall deficit, preceded and followed by periods with no deficit [13] . Drought severity and duration were fitted to a gamma and logistic distribution, respectively [4] . We used the Frank copula to form a multivariate distribution of the fitted distributions of severity and duration. The copula parameter was then estimated according to the Inference Function for Margins (IFM) [4] . Recurrence intervals of drought events exceeding specific values of severity or duration (indicated by the logical operator "˅") were calculated as:
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RESULTS
The recurrence intervals depicted in figure 2 describe site-specific rainfall patterns. In arid Quilpie the recurrence interval for droughts with a severity of 13 or duration of 17 months is one in 50 years, whereas in tropical Cairns the recurrence interval for the same drought is one in 100 years or one in 1000 years . Temperate Wagga Wagga has a similar pattern of prolonged and severe droughts as arid Quilipe (Figure 2 ) with a recurrence interval of one in 50 years for a drought of severity 12 or duration of 18 months. For Quilpie and Melbourne there was very little difference in the frequency of drought events between the two 20-years time series (1972-1992 and 1993-2013) , whereas for Cairns and Wagga Wagga the frequency of severe and prolonged droughts decreased over time (Figure 2) . For all locations, except for Wagga Wagga, drought severity and duration increased between the first and the second period (Table 2 ). In the first period from 1972 to 1992, Wagga Wagga had the highest drought severity and duration, and Quilpie the lowest ( Table 2 ). For the second period, from 1993 to 2013, drought severity and duration were highest in Cairns and lowest in Quilpie (Table 2 ). 
DISCUSSION
Land rehabilitation is a continuing issue in Eastern Australia due to below average rainfall resulting in decreased water availability along with high variable rainfall [4, 14] . However, across Eastern Australia, site specific rainfall and drought metrics have rarely been used [4, 15] . In this study we assessed trends in recurrence intervals of droughts for selected locations across Eastern Australia, extending a previous study on recurrence intervals as a planning tool for ecosystem establishment in post-mining landscapes [4] . The findings of this study and the methods developed may help to understand the variation of temporal drought patterns and encourage land managers to apply recurrence intervals of droughts as an early rehabilitation assessment tool. , 2015, Vol. 8, No. 1 (Sl. No. 15), pp. 1138-1142 Australia is often referred to as the driest inhabited continent on Earth as it includes a large in arid zone with significant temperature and precipitation variability [16] . Generally, the Australian climate can rapidly alternate between dry and wet periods, occasionally exhibiting sharp transitions or sudden shifts between the extreme events [17] . In Eastern Australia these climatic extremes are mainly controlled by large variations of the El Niño Southern Oscillation (ENSO) [4] , which affects different regions at different times of the year [18] . These extreme climatic events impact on rainfall, influencing the average severity and duration of droughts, a primary abiotic factor driving rehabilitation (Table 2 ) [4] .
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The RDI3 detected most severe and prolonged droughts in the tropical locations of Eastern Australia [4] . For the historic time series of 1972-1992 and 1993-2013 the most severe and prolonged droughts were detected in Wagga Wagga (temperate) and Cairns (tropical). The two locations have seasonal rainfall patterns, e.g. in Wagga Wagga winter rainfall is high, while in Cairns summer rainfall is high (Table 1 ). In arid Quilpie evaporation was high and seasonal rainfall patterns were absent. In contrast to tropical Cairns and temperate Wagga Wagga (Table 1) , Quilpie has lower severity and duration of short term droughts and severe and prolonged long-term droughts [4] .
The importance of rainfall variability including extreme rainfall patterns and below average rainfall has been highlighted in many research studies on ecosystem rehabilitation [4, 19, 20] . As plants are vulnerable to plant available water, identifying droughts and their characteristics play a critical role in ecosystem rehabilitation [21] . Recurrence intervals of short term droughts (Figure 2 ) can be used as metric for risk assessment, management and rehabilitation of degraded lands [15] . Estimated recurrence interval curves incorporate the severity and duration of drought events, also referred to as "design droughts" [4] . They provide the probability of occurrence of drought at a particular severity or duration so that land managers can assess the risk of failure of successful early ecosystem rehabilitation by selecting the suitable plant species for specific climatic conditions. Some plant species are highly sensitive to specific drought characteristics [22] . Similarly recurrence intervals along with known probabilities of plant establishment success for particular drought conditions provide a decision support tool for land managers to undergo a costbenefit analysis prior to rehabilitation.
Finally, this study demonstrated how differences in recurrence intervals can be identified between two time-series and potentially be used to identify long-term trends. Our results support climatological studies that found increasing drought severity and duration to be more likely due to global climate change [23] .
CONCLUSION
Recurrence interval curves or design droughts can be used to identify the severity, duration and frequency of occurrence of droughts for a given location. These recurrence intervals can be used to analyze the risk of failure of initial ecosystem establishment due to water deficit and should be implemented into rehabilitation plans of disturbed lands.
